Introduction
============

Coronary artery disease (CAD) is currently one of the major causes of death and illness, and its development is influenced by a number of environmental and genetic factors.^[@bib1],\ [@bib2]^ Atherosclerosis, the main cause of CAD, is caused by lipid-induced inflammation of the vessel wall that is orchestrated by a complex interaction between various cell types, such as endothelial cells and vascular smooth muscle cells. Lowering low-density lipoprotein cholesterol has revolutionized the treatment of CAD and has reduced the risk of cardiovascular events by up to 50%.^[@bib2]^ Apolipoprotein E knockout mice (apoE^−/−^) are a well-established model that predictably develop nearly the entire spectrum of atherosclerotic plaques that are observed during atherogenesis in humans, in a similar manner as in humans.^[@bib3],\ [@bib4],\ [@bib5]^

MicroRNAs (miRNAs) are a new class of highly conserved, non-coding small RNAs that usually consist of 19--24 nucleotides. These RNAs regulate gene expression on the post-transcriptional level by inhibiting the translation of protein from mRNA or by promoting the degradation of mRNA. The human genome may encode over 1000 miRNAs,^[@bib6],\ [@bib7],\ [@bib8]^ and these endogenous gene expression inhibitors have been primarily described to have crucial roles in physiological and pathological processes, such as cell proliferation, differentiation, apoptosis and carcinogenesis. Various miRNAs have been shown to control vascular smooth muscle cell, endothelial cell and macrophage functions, and therefore to have a role in the progression of atherosclerosis.^[@bib9],\ [@bib10],\ [@bib11],\ [@bib12]^ In addition, miRNAs modulate several pathways involved in plaque development, such as cholesterol metabolism and inflammation.^[@bib13]^

Recent studies demonstrated that miRNAs can be detected in the blood and may be used as potential biomarkers of various diseases.^[@bib2]^ For example, miR-10a regulates pro-inflammatory phenotypes in atherosclerosis-susceptible endothelium both *in vivo* and *in vitro*.^[@bib14]^ However, the exact involvement of miRNAs in atherosclerosis remains to be clarified.

In the present study, we identified the differentially regulated miRNAs in the plasma of apoE^−/−^ and normal mice. Then, we measured the levels of these miRNAs in the plasma of CAD patients. Our results suggest that several miRNAs exhibit significantly altered expression profiles in the animal model as well as in CAD patients; therefore, these miRNAs might serve as biomarkers for the disease.

Materials and methods
=====================

Animal and human subjects
-------------------------

Ten apoE^−/−^ mice and 10 healthy male C57BL/6 (B6) mice (Experimental Animal Center of the Peking University Health Science Center, Beijing, China) were fed until 8 months of age, using a standard food containing 6.5% fat, 19.5% protein and no cholesterol (Keao Xieli Feed, Beijing, China). This method was previously used with success to obtain atherosclerosis models in our laboratory.^[@bib15]^

We recruited 32 CAD patients (50--68 years old), who were confirmed by coronary angiography to have a \>70% coronary stenosis, at the First Hospital of Harbin Medical University (Harbin, China) between June 2012 and December 2012. We also recruited 20 healthy volunteers (47--71 years old) to serve as controls. These healthy control subjects had a normal electrocardiogram and no history of arterial hypertension, angina, CAD or peripheral artery disease.

The study was approved by the Ethical Committee of the Harbin Medical University. All volunteers provided written informed consent, and the procedure was conducted in adherence with all applicable state and university guidelines.

Blood sampling
--------------

Mice were anesthetized with sodium pentobarbital (75 mg kg^−1^, intraperitoneally). A tube was inserted through the sinus membrane of the eyeball using a gentle rotating motion and then rotated until the blood flowed; the maximum amount of blood was collected while carefully avoiding contamination. EDTA was added to the blood to avoid coagulation, and samples were stored at room temperature for no longer than 2 h before being centrifuged at 1200 g for 10 min at 4 °C. The supernatant was transferred to 1.5-ml Eppendorf tubes and centrifuged at 12 000 g for 10 min at 4 °C to remove cellular components. The purified plasma was mixed with Trizol LS reagent (Invitrogen, Carlsbad, CA, USA) and then stored at −80 °C. Plasma from 10 mice of each group was pooled for analysis.

For the human subjects, venous blood samples were obtained via antecubital venipuncture in the sitting position. Whole blood (5 ml) was placed in EDTA-containing tubes and then centrifuged (1200 g for 10 min at 4 °C). The supernatant was collected and centrifuged (12 000 g for 10 min at 4 °C). Plasma was then obtained, and 1 ml was rapidly subjected to RNA extraction.

Isolation of total RNA
----------------------

Total RNA was extracted from plasma using a TRIzol LS RNA isolation kit (Invitrogen) according to the manufacturer\'s protocol. Total RNA quality was tested using the NanoDrop 1000 system (ThermoFisher Scientific, Wilmington, DE, USA), and the RNA was immediately stored at −80 °C.

Microarray analysis of miRNA
----------------------------

Plasma RNA (1 μg) from apoE^−/−^ and control mice were separately labeled using the miRCURY Hy3/Hy5 Power Labeling Kit (Exiqon, Vedbaek, Denmark) and hybridized on the miRCURY LNA Array v.16.0 (Exiqon). After washing, the slides were scanned using the Axon GenePix 4000B microarray scanner (Axon Instruments, Foster City, CA, USA), and the images were imported into the GenePix Pro 6.0 software (Axon) for grid alignment and data extraction. Replicated miRNAs were averaged, and miRNAs with intensities \>50 in all samples were used to calculate a normalization factor. Expression data were normalized using the median normalization value, and after normalization, a significant threshold value of a fold change \>3.0 was used to define the upregulation or downregulation of miRNAs.

Quantitative reverse-transcription PCR
--------------------------------------

The expression levels of five miRNAs (miR-34a, miR-21, miR-23a, miR-30a and miR-106b) in apoE^−/−^ and B6 mice, as well as in 32 patients with CAD and 20 healthy control subjects were quantified using TaqMan MicroRNA assays (Applied Biosystems, Warrington, UK). Monitoring of miRNA-derived PCR products was performed on an ABI7500 quantitative PCR system (Applied Biosystems) and normalized to U6 RNA.

Gene set enrichment analysis of miRNA targets in different pathways
-------------------------------------------------------------------

The miRNA (miR-34a, miR-21, miR-23a, miR-30a and miR-106b)-target interactions were predicted using miRecords, which included 11 established miRNA target prediction programs: DIANA-microT, MicroInspector, miRanda, MirTarget2, miTarget, NBmiRTar, PicTar, PITA, RNA22, RNAhybrid and TargetScan.^[@bib16]^ To improve the reliability of the miRNA target identification, only target genes predicted by at least four of the programs were selected for extraction. The predicted targets were then compared with a previously established microarray profile of differentially expressed mRNAs in apoE^−/−^ mice.^[@bib15]^ Only genes identified in both analyses and whose expression was negatively correlated with the expression levels of the miRNAs related to CAD were considered as potential targets of the miRNAs. Functional enrichment analysis was performed using previously developed hypergeometric testing methods and Kyoto Encyclopedia of Genes and Genomes, which was designed to investigate the potential regulation of various pathways by differentially expressed miRNAs.^[@bib17]^ Next, the extent of each gene\'s appearance in the refined gene sets of the Kyoto Encyclopedia of Genes and Genomes pathways was calculated using the method previously described in the DAVID Bioinformatics Database.^[@bib14]^

Statistical analyses
--------------------

All data are expressed as the means±s.d. ANOVA or Student\'s *t*-tests were used for statistical analyses. All miRNAs were considered to have significant differential expression if they were up- or downregulated by at least threefold. Statistical significance was determined when *P*-values were \<0.05.

Results
=======

The levels of several miRNAs are significantly altered in the plasma of apoE^−/−^ mice
--------------------------------------------------------------------------------------

The average values for each miRNA after normalization were used for statistical analysis. We previously reported that 16 miRNAs were differentially expressed in apoE^−/−^ mice aorta samples compared with controls, and that 6 of these were upregulated and 10 were downregulated.^[@bib15]^ In plasma, 14 miRNAs were differentially expressed in the apoE^−/−^ mice compared with the controls, and among these, six miRNAs were upregulated and eight were downregulated ([Table 1](#tbl1){ref-type="table"}). The miRNAs mmu-miR-34a, mmu-miR-21, mmu-miR-23a, mmu-miR-30a and mmu-miR-106b were differentially expressed in plasma, as well as in previously published aorta samples.^[@bib15]^

Confirmation of miRNA expression by qRT--PCR
--------------------------------------------

To validate our microarray results, quantitative RT-PCR analysis of the levels of mmu-miR-34a, mmu-miR-21, mmu-miR-23a, mmu-miR-30a and mmu-miR-106b in plasma was performed. The RT-PCR results showed that the expression of mmu-miR-34a and mmu-miR-21 was upregulated and that of mmu-miR-23a, mmu-miR-30a and mmu-miR-106b was downregulated ([Figure 1](#fig1){ref-type="fig"}), which was consistent with the microarray results.

miRNA expression in the plasma of CAD patients and healthy controls
-------------------------------------------------------------------

We then determined the levels of these five miRNAs in the plasma of CAD patients and healthy controls. [Table 2](#tbl2){ref-type="table"} shows the patients\' characteristics. Of all physical and physiological features tested, only total and low-density lipoprotein cholesterol were higher in CAD patients compared with controls (*P*=0.04 and *P*=0.04, respectively); all other parameters were comparable between the two groups. The expression levels of the miRNAs were then assessed in CAD and healthy controls. As shown in [Figure 2a](#fig2){ref-type="fig"}, the levels of miR-34a and miR-21 were significantly higher in the plasma of CAD patients compared with controls, whereas that of miR-23a was lower (all *P*\<0.01). There was no difference in the expression of miR-30a and miR-106b in CAD patients and healthy controls (both *P*\>0.05; [Figure 2b](#fig2){ref-type="fig"}).

Discussion
==========

Aberrant expression of miRNAs has been identified in various diseases. Recent studies have demonstrated that miRNAs can be detected in the blood and that they may serve as potential biomarkers for a number of diseases.^[@bib18],\ [@bib19]^ Moreover, the detection of circulating miRNAs can provide important novel information concerning diseases. In this study, a miRNA profile of the plasma of apoE^−/−^ mice was obtained, and we identified five miRNAs (miR-34a, miR-21, miR-23a, miR-30a and miR-106b) that were differentially expressed; this result was confirmed by quantitative reverse-transcription PCR. Furthermore, we examined the expression levels of these five circulating miRNAs in CAD patients compared with healthy controls, and we found that miR-34a, miR-21 and miR-23a may be biomarkers of CAD.

Hyperlipoproteinemia is recognized as one of the most important risk factors for the development of atherosclerosis, and the apoE^−/−^ mouse model, even when given a normal diet, is a well-established model of hypercholesterolemia.^[@bib20]^ This model spontaneously develops atherosclerosis that shares features with human hyperlipoproteinemia, and administration of a high-fat diet accelerates atherosclerosis. In the present study, we selected a normal diet to attenuate the eventual influence of the diet on miRNA expression because we had previously confirmed that using 8 weeks of normal diet in apoE^−/−^ mice led to characteristic atherosclerosis lesions.^[@bib15]^

After comparing the plasma miRNA levels of the mice, we observed that some miRNAs were differentially expressed between apoE^−/−^ and control mice. Like in our previous study,^[@bib15]^ we observed that five miRNAs (mmu-miR-34a, mmu-miR-21, mmu-miR-23a, mmu-miR-30a and mmu-miR-106b) were differentially expressed in both plasma and aorta tissue samples. Furthermore, previous studies found differentially expressed miRNAs in different *in vitro* and in *vivo* models;^[@bib17],\ [@bib21],\ [@bib22]^ however, these miRNAs differed from one model to another. In the present study, three of the five miRNAs that were differentially expressed in mice were confirmed in CAD patients. Nevertheless, further studies are necessary to elucidate the connections between these miRNA expression profiles and the mechanism of CAD.

MiRNAs have been shown to be potential markers of a number of cardiovascular diseases, and a recent review summarizes the main results.^[@bib23]^ These RNAs are considered useful because their levels are relatively stable in serum, and these results have been reproducible.^[@bib24]^ Particularly in CAD, over 30 different miRNAs have been identified as potential markers.^[@bib23]^ Some of these miRNAs, for example miR-135a and miR-147, are differentially expressed when compared with healthy controls,^[@bib25]^ whereas some, such as miR-340 and miR-624, are differentially expressed in premature CAD.^[@bib26]^ Some miRNAs, such as miR-133a and miR-499, may assist with predicting elevated risk of developing acute coronary syndrome,^[@bib27]^ and others, such as miR-135a and miR-147, may help distinguish between patients with stable and unstable angina pectoris.^[@bib28]^

Of the five miRNAs investigated here, that is, miR-34a, miR-21, miR-23a, miR-30a and miR-106b, to our knowledge, only miR-21 has been shown to have increased levels in acute coronary syndrome related to CAD.^[@bib29]^ MiR-21 has also been linked to myocardial infarction, with levels either being increased or decreased in affected cardiac tissue, depending on the study.^[@bib30],\ [@bib31],\ [@bib32]^ The levels of this miRNA are either increased or decreased in plasma depending on the time point at which samples are taken^[@bib33],\ [@bib34]^ and are increased in plasma and in biopsies from heart failure patients.^[@bib35]^ Although we could find no information on a role of miR-30a in CAD, this miRNA has also been linked to myocardial infarction, with increased values in plasma.^[@bib36]^ Furthermore, increased levels of miR-30a similar to those found in the fetus have been found in serum during heart failure.^[@bib37]^ Similarly, miR-23a has been associated with late-stage pressure overload-induced hypertrophy and heart failure.^[@bib38]^

CAD is caused by the interaction of a number of genetic and environmental factors. In a previous study, we demonstrated that miRNAs are extracellularly released by exosomes.^[@bib39]^ Because these miRNAs can be detected in the circulation, they may serve as potential biomarkers of diseases.^[@bib6]^ We have determined the expression profiles of five miRNAs that are differentially regulated in apoE^−/−^ mice and in CAD patients (coronary stenosis \>70%) and have identified three miRNAs that were differentially regulated in CAD patients. These miRNAs could eventually serve as markers to screen patients or to monitor treatment. However, further studies are needed before these miRNAs will be suitable for clinical use.

We further carried out gene set enrichment analysis to identify the potential targets of these miRNAs. In brief, this process involved the construction of a refined gene set for differentially expressed miRNAs that satisfy the following three criteria: (1) the genes were predicted target genes of the differentially expressed miRNAs; (2) differential expression of the mRNA was identified in previous microarray analysis of apoE^−/−^ mice; and (3) the differential expression patterns of the mRNAs were negatively correlated to those of the differentially expressed miRNAs. As the results showed, the five miRNAs potentially regulated 117 differentially expressed target genes. The Kyoto Encyclopedia of Genes and Genomes enrichment analysis results are shown in [Table 3](#tbl3){ref-type="table"}. Three pathways were enriched with predicted targets of mmu-miR-34a, mmu-miR-21, mmu-miR-23a, mmu-miR-30a and mmu-miR-106b that were differently expressed in atherosclerotic tissue compared with control tissue. All three pathways were related to angiogenesis. Indeed, previous studies showed that ectopic expression of miR-34a induced senescence and cell cycle arrest in ECs, and that loss of miR-34 expression was associated with resistance against apoptosis induced by p53-activating agents.^[@bib40],\ [@bib41],\ [@bib42]^ MiR-21 was demonstrated to have a role in aberrant vascular smooth muscle cell proliferation,^[@bib16],\ [@bib43]^ and the inhibition of miR-21 decreased the proliferation and increased the apoptosis of vascular smooth muscle cells.^[@bib16]^ In support of our results, hsa-miR-21 has been associated with several key processes involved in the progression of atherosclerosis^[@bib44]^ and in balloon injury in rats.^[@bib16]^ The miR-23--27--24 cluster is enriched in endothelial cells.^[@bib45]^ As mentioned above, miR-23a is also associated with late-stage pressure overload-induced hypertrophy and heart failure.^[@bib38]^ The remaining miRNA of the five in this investigation is miR-106b. Although this miRNA, which is within the miR-106b/25 cluster, has so far only been linked to CAD,^[@bib46]^ it has been shown to be upregulated in the atria of atrial fibrillation patients compared with those with increased sinus rhythm^[@bib47]^ in hypertension-induced heart failure.^[@bib48]^ This miRNA is also downregulated during aging^[@bib49]^ and is a potential marker for various types of cancers.^[@bib50],\ [@bib51]^ The potential role that this miRNA has in CAD could involve the post-transcriptional regulation of lipid metabolism,^[@bib52]^ although it has also been suggested that miR-160b is involved in apoptosis and angiogenesis regulation after myocardial infarction.^[@bib53]^

Although the functions of miR-34a and miR-23a, especially their roles in atherosclerosis, have not been extensively studied, our results and those of previous studies suggest that they may serve as potential indicators of atherosclerosis. Indeed because SIRT1 has been shown to be a direct target of miR-34a, this miRNA could promote aging of endothelial cells by inhibiting SIRT1. MiR-34a also inhibits endothelial progenitor cell (EPC)-mediated angiogenesis by inducing senescence.^[@bib54],\ [@bib55]^ The number of EPCs, which are involved in new blood vessel formation to maintain endothelial cell homeostasis, is reduced in atherosclerotic patients, indicating that miR-34a may be involved in atherosclerosis progression.^[@bib54],\ [@bib55]^ In addition, recent evidence suggests that miR-34a and miR-23 may be involved in the p53 pathway, and thus may modulate apoptosis.^[@bib54],\ [@bib55],\ [@bib56]^ Indeed, miR-34 has been shown to act with other effectors to inhibit cell proliferation via the p53 pathway.^[@bib56]^ However, more work is needed on this matter.

Compared with other studies on the role of miRNAs as biomarkers of various diseases,^[@bib57],\ [@bib58],\ [@bib59]^ this study contains a relatively small sample size, including only 32 CAD patients and 20 healthy controls. Therefore, these results are more suitable as a pilot study, and we expect that these results will be validated by research on larger populations. However, the identification of three miRNAs that have rarely been described in relation to CAD suggest that further research on these potential markers is warranted.
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![Relative expression levels of five selected microRNAs (miRNAs) in the plasma of apoE^−/−^ mice compared with wild-type mice. The expression levels of the five miRNAs in apoE^−/−^ mice were detected using TaqMan quantitative RT-PCR, and the relative fold changes compared with those of wild-type controls were compared with those from the microarray results.](emm201481f1){#fig1}

![Circulating miRNAs in CAD patients and healthy controls. The expression of candidate miRNAs in the plasma of CAD patients compared with healthy controls, as determined by qRT-PCR. The expression levels of miRNAs were normalized to U6 expression. Horizontal lines indicate medians. *P*-values were calculated using two-sided Student *t*-tests. (**a**): miRNAs that are differentially expressed in CAD plasma (*P*\<0.01). (**b**): miRNAs whose expression is not different between CAD patients and controls (*P*\>0.05).](emm201481f2){#fig2}

###### Circulating microRNAs with altered expression levels in apoE^−/−^ compared with wild-type mice (Threshold value \>3, microarray results)

  *Accession number*   *Name*             *Fold change*
  -------------------- ------------------ ---------------
  MI0000584            mmu-miR-34a        3.46
  MIMAT0004531         mmu-miR-135a-1\*   3.23
  MIMAT0004638         mmu-miR-323--5p    3.23
  MIMAT0003725         mmu-miR-675-5p     3.11
  MI0000247            mmu-miR-204        3.06
  MI0000569            **mmu-miR-21**     **3.02**
  MIMAT0017070         mmu-miR-7a-2\*     −4.21
  MIMAT0004898         mmu-miR-654-3p     −3.63
  MI0000571            **mmu-miR-23a**    **−3.63**
  MI0000685            mmu-miR-10a        −3.40
  MI0000398            mmu-miR-298        −3.11
  MI0000140            mmu-miR-15b        −3.07
  MI0000144            **mmu-miR-30a**    **−3.03**
  MI0000407            **mmu-miR-106b**   **−3.02**

The miRNAs were differentially expressed in aorta samples, too.

###### Clinical characteristics of patients with CAD and healthy controls

                                      *CAD patients*   *Controls*   P*-value*
  ---------------------------------- ---------------- ------------ -----------
  N                                         32             20          ---
  Men                                       32             20          ---
  Smoking status (yes/no)                  9/32           5/20        0.89
  Age (years)                             67±11           62±8        0.14
  BMI (kg m^--2^)                        24.1±3.7       23.6±4.0      0.33
  Waist circumference (cm)              86.2±11.1      84.2±13.7      0.57
  Systolic blood pressure (mm Hg)       130.7±22.4     135.0±26.7     0.21
  Diastolic blood pressure (mm Hg)       80.3±8.9      78.4±10.2      0.46
  Total cholesterol (mmol l^--1^)       6.33±1.02      4.81±1.76     0.043\*
  HDL cholesterol (mmol l^--1^)         1.12±1.16      1.26±0.85      0.08
  LDL cholesterol (mmol l^--1^)         5.12±0.36      3.25±0.44     0.037\*
  Glucose (mmol l^--1^)                 5.89±3.78      2.67±2.26      0.32
  C-reactive protein (mg l^--1^)         7.1±3.8        5.4±3.6       0.07

Abbreviations: BMI, body mass index; CAD, coronary artery disease; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

\*Difference is considered significant at *P*\<0.05.

###### Pathway enriched in predicted targets of miR-34a, miR-21, miR-23a, miR-30a and miR-106b

  *Category*     *TERM*                        *P-value*
  -------------- ----------------------------- -----------
  KEGG pathway   Chemokine signaling pathway   2.60E−03
  KEGG pathway   Endocytosis                   6.00E−03
  KEGG pathway   Calcium signaling pathway     2.60E−02
  KEGG pathway   Focal adhesion                3.30E−02
  KEGG pathway   p53 signaling pathway         4.30E−02

[^1]: They are co-first authors.
